Abstract-Many U.S. government agencies and their contractors have subscribed to using the prescriptive metric of technology readiness level (TRL) as a measure of maturity of an individual technology, with a view toward operational use in a system context. A comprehensive set of concerns becomes relevant when this metric is abstracted from an individual technology to a system context, which may involve interplay among multiple technologies that are integrated through a system development life cycle. This paper proposes a system-focused approach for managing system development and making effective and efficient decisions during this life cycle. A system readiness level (SRL) index that incorporates both the current TRL scale and the concept of an integration readiness level is presented with methods for determining current and future readiness of a system. Using techniques in evolutionary algorithms, the SRL index is optimized based on resource allocation to provide a decision support approach that enhances managerial capabilities in the system's development life cycle. The optimization model for the SRL is then executed with a case example and resource constraints of 75%, 60%, 45%, 30%, and 15% to demonstrate how it can be used to make strategic planning decisions in the system's development life cycle. Index Terms-Integration readiness level, project monitoring and control, project planning, system readiness level, technology management, technology readiness level.
I. INTRODUCTION

I
N A system development life cycle, there are factors that may strategically alter the decision to develop one system over another; adopt a new, more functional system over another; determine whether a system or technology has become inadequate due to changes in other systems or technologies; or invest in the development of a new system or maintain existing systems. For addressing some of these issues in engineering design and development, it is a prescribed practice for project and engineering managers to use qualitative decision methods [1] , but there is a continuous challenge with finding methods or approaches for justifying the optimal allocation of any available resource to minimize development uncertainties [2] . In addition, the allocation of resources becomes that much more challenging when a project or engineering manager is faced with resource constraints that have been influenced by political, economic, or technology market changes.
In project management, the allocation of resources is frequently done with the purpose of creating individual tasks to maintain schedule and budget that can lead to an assignmenttype project scheduling problem [3] when the ultimate object of any project is to develop a product (or system) to satisfy a customer. Consequently, disconnects often emerge between the priorities of the project manager and the engineering manager with respect to the optimization of the design during the development life cycle of a system. The greater challenge is that the allocation of resources in medium to large-scale systems is a complex problem [4] . Salewiski et al. [3] expressed this concern for complex interaction to minimize cost and solve a time-resource-cost tradeoff problem, but the focus was still on tasks/activities and not necessarily optimization of systems' developmental maturity. While there has been significant research in project management to find analytical techniques for simplifying this challenge of resource allocation [5] , they have often overlooked the interconnection between resources and development as it impacts the system development life cycle and a complete and applicable model for resource allocation is still elusive. However, some have looked at this problem from a design solution perspective. For example, Belhe and Kusiak [6] used heuristic algorithms to propose a solution to scheduling of design activities within the systems' developmental life cycle, Sachon and Paté-Cornell [7] determined the optimal budget allocation strategy for the development of new technologies in safety-critical systems through multiple decision periods, and Dillon et al. [8] , [9] developed a decision-support framework for guiding the design while quantitatively demonstrating the implications that constrained resources can have on the engineering of systems. Unfortunately, much of this work has been focused on budget allocations made once at the onset of a project, and new models are needed that allow for informed decisions to be made concerning the allocation of resource at key milestones throughout the life cycle [2] .
A fundamental conflict to this problem, as stated by Pich et al. [10] , is that in project management tasks are interdependent and coordinated in parallel; therefore, engineers cannot afford to wait for complete information and will often continue through the project life cycle while coordinating design activities with preliminary, ambiguous, or subjective information. This creates a tension between overview and detail between the project and engineering managers [11] . Unfortunately, subjective assessment techniques are human-intensive and error-prone and assessments should be based on system attributes that can be quantitatively measured using system metrics [12] . Therefore, an approach that can combine the analytic rigor of resource allocation with a subjective assessment of system development could provide a potential solution to this challenge.
For this reason, the objective of this paper is to combine a subjective assessment technique for determining system maturity with a quantitative method of resource allocation focused on progressing system development. Using techniques in evolutionary algorithms, this paper proposes to optimize a system maturity index based on resource allocation to the maturation of technologies and their integrations to provide a better decision support approach in the system development life cycle. This approach will be implemented in a case example with resource constraint scenarios of 75%, 60%, 45%, 30%, and 15% of the original budget to demonstrate its capabilities for strategic planning decision making in systems development. The paper concludes with a discussion of the implications of this approach to the engineering management of systems.
II. SYSTEM MATURITY ASSESSMENT
The tension between detail and subjectivity is rationalized through prescriptive techniques, which allow people to make better decisions by using normative models, but with knowledge of the limitations and descriptive realities of human judgment [13] . In project and engineering management one of the prescriptive tools used is soft metrics, which are measured through subjective judgment and are relatively easy to derive, but require a complementary rationale that explains the assessment [14] . Within agencies in the U.S. Government, the prescriptive tool and soft metric of technology readiness level (TRL) has been used as an assessment of the maturity of evolving technologies prior to incorporating them into a system or subsystem. TRL's origin is a by-product of the National Aeronautics and Space Administration's (NASA) post-Apollo era and a revision in the National Space Policy stating that NASA's technology program shares the mantle of responsibility for shaping the agency's future; therefore, NASA had to make strategic decisions on which technologies to invest in for future use. In response to this growing pressure, Sadin et al. [15] developed what originally was a seven-level metric for describing the maturity of a technology. This seven-level metric later became the ninelevel TRL metric that it is today. In the last five to seven years, other government agencies and their contractors have adopted the TRL scale with specific variations to satisfy their needs (e.g., Department of Defense (DoD), Department of Energy (DoE), National Air and Space Intelligence Center). There have been many attempts to identify alternative readiness/maturity levels that will complement TRL (e.g., design readiness level, manufacturing readiness level, software readiness level, operational readiness level, human readiness levels, habitation readiness level, capability readiness levels [16] - [18] ). Although each has faltered in addressing the core issue with TRL as identified in the literature (i.e., technology integration), many of the legacy constraints with TRL's abstraction have remained. These constraints include:
1) distorting many aspects of technology readiness into one metric, the most problematic being integration [19] ; 2) not assessing uncertainty involved in maturing and integrating a technology into a system [18] - [22] ;
3) not considering obsolescence and the ability of a less mature technology to meet system requirements [19] , [20] , [22] ; 4) an inability to meet the need for a common platform for system development and technology insertion evaluation [14] , [23] . To compound this, the U.S. Government Accountability Office (GAO) has performed two independent studies of the DoD and the DoE that indicate faults in making developmental decisions with immature information. According to the GAO, from 1997 to 2007, the estimated acquisition costs remaining for many major DoD programs increased nearly 120% while the annual funding provided for these programs merely increased 57% [24] . In a review of 54 DoD programs, those that started a phase of systems design review with immature technologies averaged 41% developmental cost growth, a 13-month schedule delay, and a 21% acquisition unit cost growth [25] . In the DoE, the GAO reported that 67% of the projects investigated experienced cost increases ranging from $79 million to $7.9 billion [26] . GAO also stated that there are few metrics used to gauge the impact of investments or the effectiveness of processes used to develop and transition technologies, and additional metrics in technology transition are needed.
In the design of systems, component-level concerns involving integration, interoperability, and sustainment (e.g., producibility, supportability, and evolvability) become equally or more important, from a systems perspective, when used in an operational environment [27] , although many of the factors that may determine the implementation of a system into its operational environment are not always effectively implemented in the interim of the developmental life cycle [28] . Fundamentally, any system under development is composed of core technology components and their linkages (i.e., architecture). Henderson and Clark [29] showed that the distinction between the relationships of the components and the system architecture requires two types of knowledge: component knowledge and architectural knowledge (i.e., knowledge of how the components are integrated). Henderson and Clark [29] emphasized that systems often fail because attention is given to the technology, and knowledge of the linkages/integrations is overlooked. This has an impact on the projects' technical evolution, organizational experience, recurrent task, and technical knowledge as they relate to the component linkages in addition to the product architecture, communication channels, and problem-solving strategies. While TRL provides the metric for describing component knowledge, based on Henderson and Clark [29] , one would still be interested in a metric that provides a description of architectural knowledge or integration. This dynamic has also been shown to be of strategic relevance and an unresolved issue in the coupling and maturation of multiple technologies [30] , [31] .
While there have been some efforts to develop metrics that can be used to evaluate integration (e.g., [32] - [35] ), there is a need for a metric that can be understood by all the relevant stakeholders, can evaluate integration maturity, and can be used with TRL to effectively determine a system maturity. Gove et al. [36] , [37] address these issues with an evaluation of [36] , [37] documented integration maturity metrics (IMM) that resulted in a refined IMM entitled integration readiness level (IRL). IRL is a systematic analysis of the interfacing of compatible interactions for various technologies and the consistent comparison of the maturity between integration points (i.e., TRLs). IRLs describe the integration maturity of a developing technology with another technology, developing or mature. The addition of IRLs not only provides a check to where the technology is on an integration readiness scale but also a direction for improving integration with other technologies. As TRL has been used to assess the risk associated with developing technologies, IRL is designed to assess the risk of integration. Table I presents the nine levels of IRL described by Gove et al. and gives a definition and description of each level.
Although component TRLs and IRLs are necessary for evaluating system risk and potential, they are generally insufficient when used independently and not within the context of overall system development. To address this insufficiency, Sauser et al. [22] , [38] previously described a systems readiness level (SRL) metric, an approach that incorporated the TRL and IRL to determine the maturity of a system and its status within a developmental life cycle. That is, if every technology is assessed using TRL and the system architecture is used to build an integrated representation of the system (e.g., physical architecture, context diagram) in which integrations are assessed using IRL, a metric that provides an assessment of a system's maturity can be considered.
The rationale behind the SRL developed by Sauser et al. [38] is that in the development life cycle, one would be interested in addressing the following considerations.
1) Quantifying how a specific technology is being integrated with every other technology to develop the system. Note that this quantifier should be a function of both the integration of a technology with every other technology with which it has to be integrated (as dictated by the system architecture) and the maturity of the different technologies. That is, for each technology, this metric should be a function of both TRLs and IRLs. Thus, for technology i, one can view this metric (SRL i ), as a "subsystem" measurement of this technology as it integrates within the system. In a mathematical representation: 
. . , SRL n ) under the assumption that the system contains n technologies. For this reason, the computation of SRL has been considered as a normalized matrix of pairwise comparisons of TRL and IRL. The SRL matrix consists of one element for each of the constituent technologies and as discussed, from an integration perspective, quantifies the readiness level of a specific technology with respect to every other technology in the system while also accounting for the development state of each technology through TRL. It should be mentioned that although the original (1,9) scale for both TRL and IRL could be used, the use of normalized values allows for a more accurate assessment when comparing the use of competing technologies. Therefore, the values used in the matrices [TRL] and [IRL] are normalized (0,1) from the original (1,9) levels. In addition, when no integration is present between two technologies, an IRL value of 0 is assigned, and for integrations unto itself, an IRL value of 9 is used (or 1 when normalized).
Mathematically, for a system with n technologies, [SRL] is given by
where
The representation of each of the SRL values obtained in (1) addresses the first consideration previously discussed. Note that these values would fall within the interval (0, n i ) so, for consistency, for each technology, say i, its corresponding SRL i is divided by n i (n i being the number of integrations of technology i with itself and every other technology as dictated by the system architecture) to obtain its normalized value between (0,1). To address the second consideration, the SRL for the complete system is the average of all such normalized technologies' SRL values, which is given by
Therefore, the SRL can be understood as an index of maturity between 0 and 1 applied at the system level with the objective of correlating this indexing to appropriate systems engineering management principles that has previously been demonstrated in [38] , [39] .
To illustrate the SRL calculation, the following example will use a simple system of three technologies and two integrations (see Fig. 1 ) to show the steps involved in calculating the SRL value.
For this system, the following matrices can be created for TRL and IRL as per the definitions presented earlier: Despite the utility of calculating a SRL, without an articulated correlation to qualitative systems engineering practices, it becomes difficult to determine the added value in understanding its implication on the developmental life cycle. Sauser et al. [38] were able to use documented qualitative data to calculate the SRL for four systems in development and correlate how the SRL of these systems can be described using any of four standard systems engineering life cycles (i.e., Typical High-Technology System, ISO 15288, DoD, and NASA). These cases represented systems development successes and failures, levels of abstraction, and views in retrospect. Finally, the authors of this paper have subsequently performed further verification and validation of this approach to other cases in conjunction with system developers from DoD, Lockheed-Martin, NASA, and Northrop Grumman. Thus, to provide a subjective assessment of system maturity, the SRL approach is used.
III. RESOURCE ALLOCATION METHOD
While the SRL has been demonstrated as a method for addressing some of the previously described challenges and providing insight into system developmental maturity, optimizing the future value of this index based on the allocation of resources to the technologies and integrations can enhance a project or engineering manager's understanding of a system's potential development. For example, evaluating the SRL of a system can give an estimate of its impending readiness as a function of its state of maturity. As previously described, Sauser et al. [22] , [38] correlated the SRL index to a system's engineering life cycle and demonstrated, for example, that a SRL of 0.58 could indicate the system is still in a development phase, where its capabilities are being incremented, its system requirements are being refined, and there is an ongoing effort to reduce integration and manufacturing risk. The system would also be ensuring operational supportability with demonstrated system integration, interoperability, safety, and utility. While this is important knowledge, optimizing a future SRL based on resource allocation to the technologies and integrations that compose this system can give a perspective on the potential state of the system under development and the needs and processes to be accomplished in its design.
The optimization of SRL based on resource allocation can also allow for decisions to be made regarding the tradeoffs among: 1) system attributes such as availability, performance, efficiency, and total ownership cost and 2) the components necessary for producing affordable system operational effectiveness [40] , [41] . These attributes have objectives and ranges for components such as capability, reliability, maintainability, supportability, and producibility, and it is the interplay among them that drives the different levels for both IRL and TRL of the elements in a system. The optimal selection of which technologies and integrations to enhance, so as to improve the system SRL, becomes an optimal system design development problem.
The optimal design of systems is a classical optimization problem in the area of systems engineering and engineering management (e.g., [42] - [50] ). In general, the objective of these problems is to optimize a function of merit of the system design (reliability, cost, mean time to failure, supportability, etc.) subject to known constraints on resources (cost, weight, volume, etc.), and/or system performance requirements (reliability, availability, mean time to failure, etc.). To optimize this specific function, it is generally assumed that the system can be functionally decomposed into a known number of subsystems or elements (i.e., a system architecture) and, for each of these elements, a known set of functionally equivalent component types (with different performance specifications) can be used in the design.
From a system engineering design perspective, an optimization approach that balances needs (i.e., the enhancement of the SRL) with resources (i.e., cost of technologies, cost of technology development, schedule, etc.), can be an effective and efficient method for system planning, i.e., the development of an SRL index correlated with the system's development life cycle can be used as an optimization framework for the systems engineer or project manager to design-in enhanced system reliability, maintainability, and supportability to achieve the desired reductions in the necessary logistics footprint and the associated life cycle cost. A practical example of this SRL application will be provided in Section IV.
It is important to point out that eventually all IRL/TRL levels will have to achieve their maximum levels. If one were to have infinite resources, this would not be a problem. Unfortunately, too often systems must be developed within a tight schedule and budget while trading off performance objectives. In this respect, an optimization model that helps guide the system and its development can allow: 1) the customer to keep track of how and when resources are invested as the system maturity evolves at each milestone review and 2) the project manager to understand how the resources available can be distributed to guide the maturity of the system throughout these reviews. Moreover, the solution to the optimization model can be used as a management tool to identify potentially infeasible expectations (regarding the SRL) based on the resources available both by the project manager or the customer.
In summary, SRL optimization becomes crucial when trying to decide among competing system design alternatives or when trying to decide which individual TRL or IRL to improve. To make the best decision, this paper proposes an optimization model that will assist management to choose SRL improvement opportunities. It is reasonable to assume that improvements will result in costs associated with the purchase of new technology, reworking of existing equipment, training of employees, hiring new employees, and enhancements to information technology infrastructure. Similarly, these improvements consume a reasonable amount of time and, under tight schedules, it is imperative to allocate these resources efficiently.
A. SRL Optimization Model and Solution Algorithm
To address these concerns, the model SRL max illustrates an optimization model with the objective to maximize the SRL (a function of TRL and IRL) under constraints associated with resources. The purpose of the optimization model is to ultimately find a solution that provides the highest maturity of the system (SRL) based on the availability of resources (budget and schedule for the example in Section IV). The purpose is not to minimize development cost or schedule. This model recognizes that the technologies compete for resources and that benefits can result in an improved SRL via the optimal allocation of such resources. The general mathematical form of the model SRL max is as follows:
The matrices IRL and TRL in SRL max contain the decision variables. Each of these variables are integer valued and bounded by (IRL i , 9) and (TRL i , 9) (i.e., before normalization), respectively. That is, the TRL/IRL for the ith component cannot be less than its current level or more than perfect technology development/integration.
As described in Sauser et al. [38] , the IRL matrix is obtained as a symmetric square matrix (of size n × n) of all possible integrations between any two technologies in the system. On the other hand, the vector TRL defines the readiness level of each of the technologies in the system. As previously stated, the objective function of the model SRL max of the system is a function of the decision variables, which dictate the values for both TRL and IRL and drive the optimization of SRL. With respect to the constraint set, the left-hand side of the set of inequalities defined by functions R 1 to R H represents the consumption of the different resources (i.e., budget, time, etc.) as a function of the improvement of the technologies' TRL and IRL. These functions allow the project manager to incorporate how resources (budget, schedule, etc.) are consumed as the different IRL/TRL levels for the different system components improve. Moreover, the right-hand side indicates the total amount available for a particular resource. To further clarify the optimization problem, Appendix A illustrates a complete characterization of the model for the example presented in Section IV.
It is important to note that for the optimization model, the accurate definition of how resources are consumed is an important task to be undertaken by the project manager. Failure to obtain realistic estimates of resource consumption will lead to suboptimal allocation of resources. Although in practice it may be very difficult to achieve an exact value for these inputs, usually realistic estimates (approximation, average, median, percentiles, etc.) can suffice, when used with the necessary caution. Parameter estimation for operations research is an area of intense research in its own right [51] - [53] so, at this stage, the actual forecasting of these values is outside the scope of this paper, but the authors plan to devote further research to the development of this area.
To completely characterize the decision variables in the model SRL max , it is necessary to introduce the following transformation:
Note that based on these binary variables, each of the possible TRL and IRL in the system can be obtained as
9 and
.
Based on these binary variables, the normalized SRL i is transformed to
Therefore, based on the computation of the SRL with these decision variables, SRL max belongs to the class of integer-valued nonlinear problems. For a system with n technologies containing m (m ≤ (n -1)n/2) distinct integrations and assuming all technologies and integrations are at its lowest level, there are 9 n +m possible solutions to the model SRL max . To generate an optimal allocation strategy, an evolutionary optimization approach, known as the probabilistic solution discovery algorithm (PSDA) [54] , [55] , has been used.
B. Algorithm Description
In general, PSDA is an evolutionary algorithm that, based on the analysis of initial solutions and in a probabilistic manner, iteratively explores regions of an optimization problem solution space with the intent of identifying an optimal solution.
PSDA has been proven to provide high-quality solutions for optimization problems as diverse as network interdiction [56] , reliability allocation [57] , container inspection [58] , and ad hoc wireless networking [59] to name a few. For finding solutions to the nonlinear integer optimization problem presented in the model SRL max , PSDA generates solutions to the model SRL max through the probabilistic generation of potential TRL and IRL values (via Monte Carlo (MC) simulation), the analysis of these solutions (via the computation of its associated SRL, cost, and schedule), and the selection of new, potentially optimal TRL and IRL values (via an evolutionary technique). A detailed description of the steps involved in PSDA follows while the pseudocode of the algorithm is described in Appendix B.
Initialization: The initialization step for PSDA requires the user to input: 1) the number of solutions, V , to be generated in each cycle, u, of the algorithm; 2) the total number of cycles, U , over which the algorithm will run; 3) the initial vectors of probabilities for γ iu and γ ij u , and 4) the subsample size, S, used to guide the evolution of PSDA. A discussion regarding the tuning of these parameters follows the description of the algorithm.
Strategy development: In this step, based on the probabilities defined by vectors γ iu and γ ij u , MC simulation is used to generate a specified number (defined by V ) of potential designs. That is, for the current cycle u, the values for matrices TRL (the kth element of vector γ iu ) defines the probability that at cycle u, the TRL of such a technology will increase its current readiness level to level k [i.e., γ k iu = P y k i = 1 ]. Similarly, γ k ij u defines the probability that at cycle u, the IRL between the ith and jth technologies will increase its actual readiness level, to level k [i.e., γ k ij u = P x k ij = 1 ]. Moreover, the elements in these two vectors describe the both evolution of the algorithm at each cycle u and the region of the solution space being analyzed.
This step also contains the stopping rules of the algorithm. In essence, the first rule dictates the algorithm to be stopped once both vectors γ iu and γ ij u can no longer be updated (i.e., all initial "appearance" probabilities are either 0 or 1) and thus the algorithm has converged. The second rule allows the user to set a specific number of cycles U over which the algorithm will run. In the context of this algorithm, a cycle is understood as every time the value u is updated.
Design analysis: In the third step, for each of the potential system designs previously generated, TRL 
. , H).
Note that these resource functions should relate how program resources (budget, schedule, etc.) are consumed by the effort to improve IRL and TRL levels. Usually, these functions are in the form of a step function that describes the effort (in terms of cost or time) that will be expected to bridge a technology/integration from one level to the next one. In addition, the best five of these ranked solutions are stored in set K to keep track of the best solutions generated per cycle. Finally, the new vectors γ iu and γ ij u are sent to the strategy development step to check for termination or for further solution discovery.
Termination: Finally, once either of the stopping rules has been met, the best solution in set K is chosen as the optimal system design.
1) Description of Parameters of Tuning:
Initial vectors of probabilities (γ iu and γ ij u ): These vectors drive the evolution of the algorithm as the cycles progress. However, these parameters have to be input for the first cycle of the algorithm. The rationale behind assigning initial values to these vectors is based upon the lack of knowledge regarding the levels that both TRL and IRL, for every technology and integration, should attain so that the model SRL max is optimally solved. This lack of knowledge, also known as "Laplace principle of insufficient reason," translates into initially providing the same appearance probability in the final solution to each and every TRL and IRL level. Moreover, this same lack of information forces the choice of these levels to be equally likely.
Subsample size (S): The subsample size S is used to update the probabilities defined by the vectors γ iu and γ ij u . The rationale for setting this value is based on work developed by Bäck and Schwefel [60] and Schwefel and Bäck [61] in the area of evolutionary strategies and its application to optimization algorithms that imitate certain principles of nature. In this respect, a population of individuals (a possible system design for this paper) collectively evolves toward better solutions by means of a parent's selection process, a reproduction strategy, and a substitution strategy.
These studies [60] , [61] define a type of strategy, denoted by function Γ(µ, λ) = µ/λ, where µ initial individuals generate λ offspring, and selection takes place only among these λ offspring. A ratio of µ/λ ≈ 7 is suggested as a good setting for the relation between parent and offspring population size.
The algorithm described in Section III. A works in a similar fashion since from a sample of size V of potential design strategies, the algorithm selects S among the best solutions, according to the penalized cost. This means that, for example, from 100 potential designs, the best 14 are selected. If V = 200 then S should be approximately equal to 28. However, preliminary tests indicate that excellent results are obtained by using a fixed value of S = 50.
Generation size (V ): The number of potential design strategies (V ) has been set considering that the maximum allowable number of solutions searched (U × V ) would correspond to at most 10% of the solutions searched.
IV. ILLUSTRATIVE EXAMPLE
A. Case Overview
After many years of exceptional service, NASA has been considering a technical solution to repairing the Hubble Space Telescope (HST) as it has far surpassed its expected lifetime. Its gyroscopes are approaching the end of their life cycle, its batteries are nearing their lower levels of acceptable performance, and the fine-guidance sensors have already begun failing. If the HST is not serviced soon and the batteries run out or navigational and attitude control is lost, certain instruments aboard could be permanently damaged either due to low temperatures or direct exposure to sunlight. To repair the HST, NASA will have to perform a service mission (SM-4) to keep the HST operating into the future. The problem is that the HST has not been serviced since before the Columbia disaster. In addition, the Columbia Accident Investigation Board requirements for shuttle operations would impact a HST SM-4 since time and fuel considerations may not allow the crew to safely dock to the International Space Station if damage is found on the Shuttle that could delay its safe return. To address this concern, a robotic servicing mission (RSM) has been suggested thereby reducing cost and the risk to human life [62] - [64] .
Before presenting the SRL assessment, it is fair to state that a NASA-appointed independent committee for the RSM has considered more than simply technology readiness in their assessment of the options. In fact, they specifically describe the integrated performance of all the components involved. Furthermore, some of the TRLs of the components may be matured in other space-bound systems, such as the U.S. Air Force's XSS-11, which, for example, will move the TRL of the subsystem Laser Image Detection and Radar (LIDAR) past a TRL 6, but its specific integration maturity will be unchanged [63] . This raises the value of an integration maturity metric such as IRL for identifying any integration maturity risks associated with the coupling of technologies. Fig. 2 represents a subsystem concept diagram of the RSM. We have used qualitative data as described by [62] - [64] to assess the TRLs and IRLs for the RSM.
B. Calculation of SRL, Optimization Model, and Solution Algorithm
By evaluating the SRL of this system, an estimate of its actual readiness can be obtained before it is deployed. When reviewing the SRL for this system in its current state, an SRL of 0.50 has been obtained. The following section will explain further the practical meaning of this system maturity assessment value, but at this point the purpose is to demonstrate the SRL optimization model and its solution algorithm.
To demonstrate the optimization of the model SRL max , Tables II and III present notional data that represents estimates of the resources (in terms of dollars (in 1000 s) and man-hours) consumed by the "development" program when attempting to increase the TRL and IRL of the different technologies, respectively. For this example, the estimated values represent average consumption for similar efforts. To clearly illustrate the objective function and resource consumption constraints used for this example, a complete characterization of its associated model is presented in Appendix A using a scenario where 30% of the resources are available. Based on the resource consumption, the estimated total cost and time necessary to have a perfect SRL equals $26,574,000 and 19,122 man-hours, respectively. As previously discussed, the program manager must obtain these estimates. In practice, the model may be solved for each the following scenarios: worst, expected, and best. This would allow the manager flexibility regarding the solution. However, for more flexibility, a multiobjective optimization model perspective may be necessary. The authors of this paper are currently devoting research efforts to this type of modeling.
To illustrate the approach, it has been assumed the program has been awarded 30% of these totals to improve the SRL of the system. We chose not to use a 100% resource allocation for our example because reductions in resources are often a reality as a result of political, economic, or technology market trends. Also, the proper allocation of resources under constraints is a more challenging problem for a project or engineering manager. To implement PSDA, it was assumed that U = 10, V = 1000, and S = 50. That is, of the possible 6.88 × 10 7 solutions, the algorithm will make a search among at most 0.013% of these solutions.
The best three values of the solutions obtained by the algorithm at each cycle are illustrated in Table IV . This table illustrates that the algorithm converged to a solution at cycle 7. Note that during the first three cycles, the algorithm generates solutions of roughly the same quality. However, each of the subsequent cycles improves the best solution of the previous cycle. The best solution as illustrated in Table IV, cycle 7 , has an SRL of 0.73 for a total cost of $7,724,000 and 5081 man-hours.
To further illustrate the approach, Table V represents the best  five solution values obtained considering 75%, 60%, 45%, 30%, TABLE VI  SRL TO SYSTEMS DEVELOPMENT LIFE CYCLE and 15% availability of the total resources necessary to claim a perfectly integrated and developed system.
C. Implications to Project and Engineering Management
As stated earlier, one of the advantages of the SRL index is to be able to associate resource constraints to developmental maturity. To understand developmental maturity, a framework for describing the maturity of a system comparative to its life cycle is needed. As discussed, Sauser et al. [38] performed a mapping of the SRL index to four system's life cycles. We have further refined their results with the analysis of additional systems from DoD, Lockheed-Martin, NASA, and Northrop Grumman for which random maturity assessments were created to assess the sensitivity of the SRL index to a system's life cycle. This analysis has created a recalibration of the mapping initially introduced in [22] with respects to the sensitivity of the ranges (see Table VI ). This new mapping does not yet represent an ideal correlation between the SRL index and the system's life cycle (the authors are currently undertaking extensive verification and validation that is beyond the scope of this paper). However, such mapping serves as a tool for the project and engineering managers in understanding the developmental maturity of their system.
Based on the resource allocation and potential constraints for our case example, HST RSM, it can be claimed that there is significant variability regarding how far the system under development can mature. Table VI indicates that at the lowest level of allocated resources (15%), the system cannot be matured beyond a SRL of 0.64. This value corresponds to a delta of 0.36 when assuming 100% of the resources can be secured. Moreover, to progress to an operations and production phase, a SRL value in the range (0.90,1.00), a resource allocation of greater than 60% is necessary. These values are significant for a mission such as RSM that is linked to a launch vehicle (i.e., Space Shuttle) that is being decommissioned and has limited launch opportunities in the next 5 years. Many science and engineering projects that were dependent on the launch schedule of the Space Shuttle over the next 5 years have been canceled because of missed opportunities in canceled or postponed missions. In addition, there has been significant debate on the value of servicing the HST, so RSM will always be a project that will be under continued budget and schedule scrutiny. Likewise, Paté-Cornell and Dillon [65] demonstrated in a study of NASA projects that what is essential for project management in general becomes important as resources become limited. Accordingly, the proposed analysis and optimization approach can provide the project and engineering manager an assessment that may allow them to make some strategic decisions on resource allocation or developmental planning to guarantee system delivery. For example, the project and engineering manager can use the solution obtained from the model SRL max as justification for acquiring additional resources or redesigning the system for use with another launch vehicle so as not to be dependent on the Space Shuttle.
While the SRL index can have value for overall planning, one can assess the developmental maturity of each technology and corresponding integrations based on the resource constraints using the model SRL max . Table VII illustrates the associated TRL and IRL levels obtained from the optimal solution for each of the cases considered. This is very important when understanding how the optimization approach can influence the developmental maturity of the individual technologies and integrations. That is, the optimal TRL and IRL levels obtained from the model become a guidance tool for the project and engineering manager to better understand how the allocation of resources are impacting maturity at the lower levels of development. Table VII also indicates that for RSM, a 75% allocation of resources still would not produce a fully mature system as only three out of the seven integration links have reached complete maturity. Furthermore, one of the integrations has not passed an IRL of 6 (i.e., IRL 4,5 ). We also stated earlier that a fundamental construct of the SRL was that it uses more of a systems approach to assessing maturity than TRL alone. For instance, if from Table VII we only evaluated the maturation of TRL after consuming 75% of the resources, we would deploy a system with significant developmental risk. If we refer back to Table V and observe the SRL i values, we can see that SRL 4 and SRL 5 are one developmental phase behind SRL 1,2,3, and 6 that cannot be observed in the TRLs alone. We do contend that because of the difficulty of fully validating space missions in their operational environment (i.e., space), it is not uncommon for these systems to be deployed with some level of immaturity [66] , [67] , but this assessment can indicate to a project and engineering manager the developmental maturity risk of what could be key components in the system even when the overall SRL index appears adequate.
V. CONCLUSION
The use of prescriptive metrics in project and engineering management has been a proven and successful practice for many organizations. As a benchmark for making decisions, metrics can perform an integral part of management activities for indicating performance or effectiveness of risk, quality, and maturity; identifying critical parameters; establishing milestones to assess progress; providing direction for risk management/mitigation; and sustaining entry and exit criteria for major milestones. With their widespread use, it becomes imperative that one finds more rigor in how these metrics are used to make strategic planning decision in systems development. This paper presented two prescriptive metrics, TRL and IRL, and showed how they can be used to quantitatively formulate a decision metric in SRL for assessing a system's developmental maturity and life cycle position. We then presented a model (i.e., SRL max ) for making informed and strategic decisions on the allocation of resources to optimize the maturity with respect to the proposed prescriptive metrics.
To further describe the capabilities of this research, Table VIII indicates how the methods presented in this paper can be utilized by project and engineering managers at progressive phases of the system's life cycle based on eleven roles and activities of a systems engineering manager as described by Shenhar and Sauser [68] . Associating the application of the proposed methods with activities throughout the system's life cycle emphasizes the effectiveness and advantage of these metrics and the model SRL max . Table VIII also stresses that the ultimate functionality of any system's development effort cannot be defined at the beginning of the program. The roles and activities (R& A) and implications in Table VIII underscore major elements of project planning such as assessing the decomposition of deliverables into a hierarchical architecture; determining the developmental strategy of incremental or evolutionary deliveries; identifying opportunities and associated risks for preventive, causative, and contingent plans; refining the project's overall critical path; establishing resources needed to accomplish development; and committing the necessary resources for realizing system development [69] . R&A 1, 4, 6, and 7 distinctly complement the model SRL max . For example, at program launch (R&A 1), a match must be made between customer needs and available resources to assure that the proposed system is conceivable; midway through development (R&A 4), the product's design must demonstrate its ability to meet performance requirements; and before production (R&A 6,7), the product has to be shown to be developed within cost, schedule, and quality parameters. SRL max not only allows the ability to aid the R& As of 1, 4, 6, and 7 for any current state but any projected state as well.
In summary, only by the maturation of the technologies and integrations, matched with the evolving needs of the user, can the user be provided with the needed system solution. In most projects, the two most limiting resources are personnel and funds, with less attention given to the physical resources of systems development. Too often, projects are improperly structured and allow requirements to outstrip resources. A process followed by leading firms is effectively matching the customer's need and the available resources for creating a system (product). In this paper, we presented an approach and model for evaluating the maturity of a system (i.e., customer needs) with available resources to determine the most effective allocation of these resources to optimize the system's developmental maturity. While it is not impossible to subjectively assess what stage of development a simple system should be in, without the use of any quantitative model, the difficulty increases with the size and complexity of the system. In addition, the metrics and model described can be used as a tool for project and engineering managers to develop maturation plans, identify developmental milestone criteria, and prepare for future development strategies that will illustrate the timely implementation of [70] to assess the developmental investment and capability impacts of project management in an organization.
Finally, while we believe the approach and methodology presented in this paper is a step in the right direction toward a more "systems-focused approach" to assessing system developmental maturity and the effective management of resources to realize a future maturity, it is not without its limitations. We conclude with some of these limitations and opportunities for future research. 1) Cognitive bias in the assessment: Self-assessments for the determining of any metric (e.g., TRL, IRL, resource allocation) without rigorous criteria result in inaccurate analysis. The existing approaches we presented need further development and rigor in determining and assessing the input data to adjust for this bias. 2) Assessment completeness and oversimplification: While this is not the intent, those who apply readiness levels on programs have tended to focus on the number versus some of the underlying issues. Technologies, their integrations, and overall cost and schedule resources are not the only factors (e.g., reliability/availability/maintainability, software, interoperability, quality and producibility, safety, security, and supportability) that can determine a system's operational effectiveness [40] , [41] . A model of systems development maturity will ultimately be more dynamic and complex.
3) System development is nonlinear with multiple objectives:
The approach and methods presented made a fundamental assumption, that all technologies and their supporting integrations are equally important to the performance of the system with single objectives. Technologies will vary in their criticality to system performance and often have multiple objectives and thus an additional weight or penalty could be allocated to the technologies and their integrations. In addition, for more flexibility, a multiobjective optimization model perspective may be necessary to achieve a more realistic analysis. 4) TRLs and IRLs, in practice, are more probabilistic: Although, at this point, an inherent assumption is that TRLs and IRLs are being calculated deterministically, it is more rational to assume that the evaluation of TRLs and IRLs follow a probabilistic form. Despite this, the deterministic approach we used is based on the current practice of these maturity metrics. However, the authors are currently conducting further needed research for an approach that can estimate a confidence level for any calculated SRL based on a probabilistic TRL and IRL evaluation.
5)
Resource determination: To demonstrate the model SRL max , resource expenditures for the maturation of the various TRL and IRL levels were not based on real case data. The determination of these values is a complex and challenging problem that lies beyond the scope of this paper, but a problem that is equally if not more important for any project or engineering manager. While we were able to demonstrate where resources should be allocated with respects to maturing the TRLs and IRLs, the value of the model SRL max (and any model or analysis) relies upon the quality and accuracy of the data. The success of implementing the model SRL max depends on consistent and continuous definition of needed capabilities (i.e., requirements), and the maturation of technologies that lead to disciplined development and production of systems that provide increasing capability toward a realized concept. 
